Introduction
Evidence suggests that the gastrointestinal (GI) tract of fish is a major portal of entry for a range of fish pathogens including Vibrio (Listonella) anguillarum, the causative agent of vibriosis [1, 2] . Recent studies have sought to use probiotics to fortify the intestinal microbiome of fish and enhance the defensive barrier against such diseases [3, 4] . Such studies have shown a great deal of success and several probiotic strains have been demonstrated to elevate disease resistance of trout to pathogenic bacteria [3, [5] [6] [7] . The mechanisms which mediate these benefits are thought to result from host immunostimulation and competitive exclusion. Such conclusions are based on empirical evidence but information regarding probiotic-pathogen antagonism in fish studies are primarily in vitro based, with evidence that probiotics are able to outcompete or antagonise (via the production of bacteriocins, organic acids, siderophores, competition for adhesion sites etc) pathogens on agar plates, broth cultures or in adhesion assays. However, such information does not fully represent probiotic vs. pathogen interactions in situ (within the fish GI tract) where localised responses such as gut associated lymphoid tissues (GALT) and antimicrobial properties of intestinal mucus are likely to be an important factor. Therefore, we aim to further the present knowledge by observing the antagonistic relationship of probiotics and pathogens in the intestine of fish by using the ex vivo intestinal sac method [8, 9] . Due to previous evidence suggesting a positive role as a probiotic for fish [10] [11] [12] , Pediococcus acidilactici was used as the probiotic and because of pathogenicity and industrial relevance, V. anguillarum was used as the pathogen in the present study.
Materials and Methods

Experimental fish and diets
Female rainbow trout were acquired from a local fish farm (Hatchlands Fisheries, Greyshoot Lane, Rattery, South Brent, UK) and transported to the Aquaculture and Fish Nutrition Research facility at The Univeristy of Plymouth, UK. Fish were offered a commercial trout diet (Skretting, Skretting, 43% protein, 20% lipid) ad libitum for four weeks. After grading, batches of 20 fish (240-250g) were randomly distributed into six 150 L fibreglass tanks, each provided with 98% re-circulated aerated freshwater at a rate of 150 L hr -1 . Tanks were randomly divided among two treatments with three replicate tanks per treatment. Fish in treatment-1 were offered a control diet whilst fish in treatment-2 were offered the same diet supplemented with P.
acidilactici. Diets were produced by either top dressing the commercial feed with fish oil containing P. acidilactici (probiotic group) or just fish oil (no added bacteria; control group). P. acidilactici, sourced from the commercial product Bactocell (Lallemand Inc), was cultured in MRS broth at 37oC for 72 hr. Cultures were then centrifuged (2150 x g for 10 min) and washed in phosphate-buffered saline (PBS; pH 7.3, Oxoid) three times prior to re-suspension in fish oil which was sprayed onto the preheated (40oC) basal diet to give a final concentration of log 7 CFU g -1 . The diets were offered to the fish for two weeks at 1.2% body weight per day divided into two feeding events (0930 and 1630). Water temperature was maintained at 15 ± 1 o C, oxygen concentration at >85% saturation and pH at 7.5 ± 0.5.
Bacterial cultures
P. acidilactici cultures for the ex vivo antagonism assay were prepared as described above and resuspended in PBS at log 9 CFU g -1 . V. anguillarum cultures, obtained from Laboratoire nationale de pathologic des animaux aquatique (Brest, France), were cultivated on blood agar (Oxoid) incubated at 25 o C for 72 hr. A pure culture was restreaked onto fresh blood agar plates to induce high virulence; pure cultures were grown in nutrient broth (Oxoid) containing 1.5% NaCl at pH 8.5. Cultures were then centrifuged (2150 x g for 10 min) and washed in PBS three times prior to re-suspension in PBS at log 9 CFU g -1 to produce the final assay inoculums. Finally, a 50/50 mixture of these solutions was used to produce the bacterial suspension for the antagonism assay.
Ex vivo assay
After two weeks feeding on the experimental diets fish were euthanized by an overdose (200 mg L -1 water for 10 min) of MS222 (Pharmaq, Fordingbridge, UK) and destruction of the brain. The anterior intestine of rainbow trout was chosen to use within the assays as evidence indicates it is an important gastric region for V. anguillarum colonisation, infection and damage [8, 13] and research shows that P. acidilactici can provide histological benefits to this region in rainbow trout [11] . The anterior intestine of the fish was isolated as described elsewhere [8] prior to rinsing with PBS to remove intestinal contents. The posterior end was tightly tied with cotton thread before filling (ca. 800 μl) with the appropriate bacterial assay solution, tying the anterior end and suspending the sealed intestinal tube in sterile PBS. The intestinal sacs were then incubated at 20 o C for 1 hr. Five replicate assays (5 intestinal samples derived from 5 separate fish) were performed for each bacterial exposure. After the 1 hr exposure, 5 mm from each end of the intestinal sac was excised, discarded and samples of the remaining intestinal tissue were retained for molecular microbiological and microscopical analysis. The bacterial solution from within the intestine was retained for plate counts.
Post ex vivo assay microbiological analysis
To determine the level of bacteria (probiotic and pathogen) within the intestinal lumen at the end of the exposure the luminal contents were serially diluted with PBS and plated onto MRS agar and nutrient agar (Oxoid) containing 1.5% NaCl at pH 8.5 to enumerate the levels of P. acidilactici and V. anguillarum, respectively. To confirm identification, a representative number of isolates were sequenced as described elsewhere (Ferguson et al. 2010 ). Furthermore, DNA extraction, PCR and DGGE analysis was conducted on intestinal tissues (as described elsewhere [12, 14] ) to investigate potential colonisation and the effect on the autochthonous bacterial community.
Microscopical analysis
Tissue samples for light microscopy (LM) were fixed in 10% formalin for 24h, dehydrated in graded ethanol concentrations and embedded in paraffin wax. For each specimen, multiple sets of sections (5 μm thick) were stained with haematoxylin and eosin (HE) or MayGrünwald/Giemsa (MGG). The number of leucocytes (histologically stained cells) infiltrated in the epithelium across a standardised distance of 100 enterocytes (only nucleated cells) was calculated by averaging the cell numbers from all specimens [12] and additionally, the number of the goblet cells (number of cells per 100 enterocytes) was also quantified.
Tissues for electron microscopy (EM) were fixed in 2.5 % glutaraldehyde in sodium cacodylate buffer (0.1M, ph7.2). Samples for scanning electron microscopy (SEM) were washed with 1% S-carboxymethyl-L-cysteine (Sigma) for 30 sec prior to fixation to remove epithelial mucus. EM samples were processed as described elsewhere [15, 16] and were screened with a JSM 1200 EX transmission electron microscope at 120kV (Jeol, Tokyo, Japan) or JSM 5600 LV scanning electron microscope (Jeol). High magnification SEM micrographs were analysed in order to observe any potential bacterial interactions with the host epithelium and also to describe any qualitative effects on the epithelial structure. All digital images for morphological analysis were analyzed with Image J 1.36 (National Institutes of Health, USA).
Statistics
Statistical analyses were conducted using an independent samples t-test with SPSS V16.0 (Chicago IL, USA). Significance was accepted at P< 0.05 and trends towards significance were acknowledged at P <0.10.
Results and Discussion
Bacterial levels
After the 1 hour exposure period in the intestinal lumen of the control fed fish, the level of V. anguillarum decreased down to 1.38 x 109 colony forming units (CFU) ml -1 (from 3.00 x 109 CFU ml -1 ) which is approximately half of the initial value (46% of the initial level, Table  1 ). The concentration of P. acidilactici, after the 1 hour exposure to the control intestine, remained stable when incubated alone (remaining at 90% of the initial concentration), however, when P. acidilactici was incubated with V. anguillarum the concentration of P. acidilactici more than doubled to 5.58 x 108 CFU ml -1 (236% of the initial concentration). V. anguillarum levels remained similar to those of the initial inocula (117.92% of the initial level).
In the intestine of the probiotic fed fish, the concentration of V. anguillarum remained stable after the 1 hour exposure period; counts at the end of the exposure were 109.15% of initial counts (Table 2) . However, the concentration of P. acidilactici after the one hour exposure decreased considerably to approximately to 4.54 x 108 CFU ml -1 , which equates to 11% of the initial value. This may indicate that the preconditioning of the intestine to P. acidilactici during the probiotic feeding period may have elevated immune responses effective against P. acidilactici. Nonetheless, when P. acidilactici and V. anguillarum were incubated together in the intestine of P. acidilactici fed fish, the level of P. acidilactici increased to a approximately 5-fold (1.13 x 109 CFU ml -1 ) compared to the original inoculum (2.50 x 108 CFU ml -1 ) whilst the concentration of V. anguillarum remained stable at 83% of the initial level. Although the total numbers of V. anguillarum were not reduced, P. acidilactici appears to be responsive to the presence of V. anguillarum and/or its extracellular metabolites and in response is able, to some extent, to outcompete V. anguillarum in the intestine of rainbow trout; this interesting observation merits further investigation.
Identification of subgroups by 16S rRNA sequence analysis revealed that the isolates presumptively identified as P. acidilactici and V. anguillarum on the selective agars were indeed P. acidilactici (displaying 99% to P. acidilactici strain L94, GenBank accession number GU904684.1) and V. anguillarum (displaying 99-100% similarity to V. anguillarum strain BH2, GenBank accession number GQ205445.1).
PCR-DGGE analysis of the mucosal associated bacterial populations PCR-DGGE profiles revealed bands which migrated to the same location as known samples of the P. acidilactici and V. anguillarum. These bands were excised and sequenced which confirmed their identity as P. acidilactici and V. anguillarum. DGGE analysis confirmed the absence of V. anguillarum and P. acidilactici on the mucosal tissue of the PBS exposed intestines. However, P. acidilactici was found on the mucosal tissue of all replicates of the P. acidilactici exposed intestines (control and probiotic fed trout). V. anguillarum was identified to be present on the mucosal tissue of all replicates of the V. anguillarum exposed intestines (control and probiotic fed trout). Both P. acidilactici and V. anguillarum phylotypes were identified on the mucosa of all replicates of the P. acidilactici+V. anguillarum exposed intestines (control and probiotic fed trout) but the intensity of the representative bands were noticeably weaker than those observed in assays using the individual bacterial cultures.
The presence of P. acidilactici 16S rRNA present on the mucosal tissues, after such a short exposure period, indicates that this strain is well adapted to grow well within and/or adhere to the intestinal mucus of rainbow trout. This supports the findings of cultivatable and electron microspical evidence observed in previous studies [11, 17] . Such an ability to live and grow within the mucus layer and potentially colonise the brushborder are important characteristics of probiotics and are thought to be one of the competitive mechanisms by which probiotics can protect against pathogens [3, 18] .
In all ex vivo studies conducted, very few discernable bands (or phylotypes), aside from the P. acidilactici and V. anguillarum phylotypes, were observed on the intestinal tissues; no autochthonous phylotypes were found to be unique to either group or any exposure treatment.
Histological analysis
Light microscopy: Quantitative analysis of intraepithial leucocyte (IEL) and goblet levels from light microscopy are presented in Table  3 and Table 4 , respectively. A significant increase (P = 0.01) in the number of leucocytes was observed in the intestinal epithelium of the P. acidilactici fed fish (65.4 ± 6.0) as compared to the control fed fish (49.8 ± 0.9) (PBS exposure; Table 3 ). A significant increase in the number of leucocytes in the intestinal epithelium of the P. acidilactici fed fish compared to the control fed fish suggests that dietary P. acidilactici can stimulate the migration of leucocytes from systemic sources to the epithelial brushborder. Previous studies have also shown that a localised immune response, such as elevated intraepithelial leucocyte (IEL) infiltration, can occur in the intestine of fish intestine fed dietary probiotics [19, 20] . However, to our knowledge, this is the first observation of such a response in rainbow trout although other studies have shown that mRNA levels of cytokines and immune related genes in rainbow trout intestinal mucosal tissues are affected by probiotics [7] , which could be related to IEL abundance.
Furthermore, the number of goblet cells present in P. acidilactici fed fish (13.88 ± 3.07 vs. 9.88 ± 2.80 in the control [PBS assays]) was elevated to a level approaching statistical significance (P = 0.10) suggesting that dietary exposure to P. acidilactici may stimulate the formation of goblet cells and elevate mucus secretion. Fish have evolved an effective range of protective mechanisms to hinder pathogenic colonisation, translocation and ultimately infection of GI mucosa. Pathogenic bacteria must negotiate the mucus layer, which provides an effective antibacterial barrier mediated by a range of active components (e.g. antibodies, antibacterial peptides, lysozymes, complement proteins, lectins and pentraxins [21, 22] No significant differences (P < 0.05) were observed between exposures within the feeding groups (i.e. within columns). T represents a trend (P < 0.10) towards difference between exposure groups within the same column. *indicates a significant difference between the control and probiotic fed groups (i.e. between columns). Different superscripts represent significant differences (P < 0.05) observed between exposures within the feeding groups (i.e. within columns).
T represents a trend (P < 0.10) towards difference between exposure groups within the same column. **indicates a trend towards a difference (P < 0.10) between the control and probiotic fed groups (i.e. between columns). Table 4 : Goblet cell levels in the anterior intestine of rainbow trout after ex vivo exposure to bacterial inoculums or PBS. host cell interactions can occur. Thus, elevated mucus secretion, particularily in combination with elevated IELs, is likely to elevate host defences to enteric infections. Indeed, the lower number of goblet cells observed in the intestines of probiotic fed fish intestines exposed to V. anguilliarum and V. anguillarum+P. acidilactici and control fed fish intestines exposed to V. anguillarum+P. acidilactici is suggestive of a rapid secretion of mucus (thus reducing the numbers of goblet cells in the brushborder) in response to the presence of the mucosal associated pathogen V. anguillarum.
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Transmission electron microscopy: TEM revealed the presence of presumed V. anguillarum (morphologically corresponding to known V. anguillarum cells in terms of shape, size and electron density), in high numbers present in close association with the brushborder in V. anguillarum exposed tissues (Figure 1a) , which indicates a high affinity of the pathogen to the intestine of rainbow trout. Although P. acidilactici-like cells were also observed in close association with the brushborder, they were noticeably fewer than V. anguillarum in number (Figure 1b) . No signs of histological damage or translocation was observed in the intestines of fish exposed to P. acidilactici; this finding is of high importance as lack of translocation and cell damage have been previously proposed as key selection criteria when evaluating the use of probiotics in fish [2] . In contrast, TEM analysis showed some typical signs of histological damage caused by V. anguillarum; disorganised microvilli, intracellular gaps and necrotic enterocytes were observed in close proximity to large V. anguillarum populations (Figure 2 ). Similar results have been reported in Atlantic salmon intestines exposed to V. anguillarum [8] . Previous studies have reported observations of pathogen translocation through the enterocytes, or paracellular translocation between enterocytes [2, 23] yet, no signs of translocation of V. anguillarum were observed in the present study. This indicates that the process of uptake, or invasion, may require more time than the one hour tested in the present study.
Scanning electron microscopy: SEM revealed complex mucosal foldings at low magnification. At greater magnification it was possible to observe enterocytes present on the surface of the epithelium and also on the apical brush border microvilli. In the intestines of the control fed fish exposed to PBS, very few signs of damage were observed and the enterocyte and microvilli formations were generally intact appearing healthy ( Figure 3A) . However, exposure to V. anguillarum resulted in observable tissue damage. The presence of necrotic enterocytes, irregular shaped enterocytes and missing/damaged microvilli formations were observed ( Figure 3B ). No signs of pathogenic damage were observed in the tissue samples exposed to P. acidilacticiwhich appeared similar to the PBS controls ( Figure 3C ). Intestinal tissue exposed to both V. anguillarum+P. acidilactici showed a range of damage, similar to that of the V. anguillarum group, where irregular and nectrotic cells were observed.
In the trout group previously fed the probiotic diet, the PBS exposure again did not result in any clear signs of damage. Some signs of damage were observed in the intestinal tissue of the probiotic fed fish when exposed to V. anguillarum. However, from a qualitative point of view, this appeared less than that observed in the control fed trout exposed to V. anguillarum. No tissue damage was observed following exposure to P. acidilactici. Furthermore, relatively little damage was observed in the intestinal tissue of probiotic fed fish exposed to both V. anguillarum+P. acidilactici ( Figure 3D ). This suggests that a good method to reduce V. anguillarum damage in the GI tract of rainbow trout is likely to be feeding on P. acidilactici supplemented diets prior to, and during, V. anguillarum infection. Further in vivo studies are required to test this hypothesis.
Conclusion
Ex vivo studies, as demonstrated by the present study, reveal important probiotic-pathogen-host interactions which yield important information in respect to the understanding the complex multifactoral mechanisms which underpin and mediate probiotic benefits against disease resistance. In vitro and ex vivo studies are essential in reducing the number of animals used in scientific studies and thus a preliminary ex vivo approach to investigate the efficacy and potential of probiotics in respect to disease resistance should be utilised prior to large scale in vivo disease challenge studies. Little information is available regarding the effect of P. acidilactici against rainbow trout bacterial infections and disease resistance. The present study shows that P. acidilactici can outcompete V. anguillarum in the intestine of rainbow trout. Furthermore, the recovery of P. acidilactici from the mucosa, elevated levels of leucocyte and goblet cells in the epithelium of P. acidilactici fed fish and qualitative observations indicating a possible reduction of epithelial tissue damage, suggests potential for V. anguillarum infections SEM images demonstrating the morphological changes in the anterior intestine of rainbow trout exposed to the different bacterial inoculums in the ex vivo challenge. A: control fed fish intestine exposed to PBS, B: Control fed fish intestine exposed to V. anguillarum; C: Control fed fish intestine exposed P. acidilactici; D: P. acidilactici fed fish exposed to V. anguillarum+P. acidilactici. Key: * irregular microvilli, IR irregular enterocyte formations, arrows = spaces/gaps forming between enterocytes (arrows) exposing intracellular tight junctions. Scale bars 10µm.
